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Streptococcus suis Capsular Polysaccharide Inhibits Phagocytosis
through Destabilization of Lipid Microdomains and Prevents
Lactosylceramide-Dependent Recognition
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Streptococcus suis type 2 is a major swine pathogen and a zoonotic agent, causing meningitis in both swine and humans. S. suis
infects the host through the respiratory route, reaches the bloodstream, and persists until breaching into the central nervous
system. The capsular polysaccharide (CPS) of S. suis type 2 is considered a key virulence factor of the bacteria. Though CPS al-
lows S. suis to adhere to the membrane of cells of the immune system, it provides protection against phagocytosis. In fact, non-
encapsulated mutants are easily internalized and killed by macrophages and dendritic cells. The objective of this work was to
study the molecular mechanisms by which the CPS of S. suis prevents phagocytosis. By using latex beads covalently linked with
purified CPS, it was shown that CPS itself was sufficient to inhibit entry of both latex beads and bystander fluorescent beads into
macrophages. Upon contact with macrophages, encapsulated S. suis was shown to destabilize lipid microdomains at the cell sur-
face, to block nitric oxide (NO) production during infection, and to prevent lactosylceramide accumulation at the phagocytic
cup during infection. In contrast, the nonencapsulated mutant was easily internalized via lipid rafts, in a filipin-sensitive man-
ner, leading to lactosylceramide recruitment and strong NO production. This is the first report to identify a role for CPS in lipid

microdomain stability and to recognize an interaction between S. suis and lactosylceramide in phagocytes.

treptococcus suis is one of the most important swine pathogens

worldwide and a zoonotic agent able to induce septicemia with
sudden death, meningitis, endocarditis, pneumonia, and arthritis
(19). A total of 35 serotypes of S. suis have been described, with
type 2 being the most commonly isolated type from diseased ani-
mals and humans. Until recently, S. suis disease in humans was
considered rare, mostly affecting people in close contact with
swine or pork by-products. However, S. suis is now emerging as an
important threat to human health, especially in Asian countries.
In fact, S. suis has been identified as the leading cause of adult
meningitis in Vietnam, the second in Thailand, and the third in
Hong Kong (18, 19). Moreover, in 2005, an important outbreak in
China resulted in more than 200 human cases with a fatality rate
nearing 20% (50). Patients presented symptoms associated with
streptococcal toxic shock-like syndrome, such as high fever, mal-
aise, nausea, and vomiting, followed by subcutaneous hemor-
rhage and coma in severe cases (50).

It has been suggested that S. suis infects pigs via the respiratory
tract and remains localized in palatine tonsils, whereas in human
skin abrasions represent the main route of entry (17, 18). In cer-
tain cases, bacteria reach the bloodstream and persist, causing
either a rapid septic shock or delayed specific infections, depend-
ing on the targeted tissue (17). Different theories have been put
forward to explain the ability of S. suis to survive within the host.
The “Trojan horse” theory (bacteria traveling inside monocytes)
has been suggested (48) although it is unlikely as it has been dem-
onstrated that S. suis severely avoids phagocytosis by monocytes,
macrophages, microglial cells, neutrophils, and dendritic cells (3,
5, 6,27, 28,35-37,41).

S. suis is an encapsulated Gram-positive bacterium which pos-
sesses many suggested virulence factors, such as the capsular poly-
saccharide (CPS) (6, 41), opacity serum factor, and hemolysin
(suilysin) as well as many other putative virulence factors (2). The
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CPS has been clearly shown to be critical for the pathogenesis of S.
suis infections and has been proven to grant bacteria the ability to
resist phagocytosis as nonencapsulated mutants of S. suis type 2
are efficiently internalized and killed by different types of phago-
cytes (3,5,17,27,28,41). We have recently reported the structure
of S. suis type 2 CPS (44), which is formed by the monosaccharides
glucose, galactose, N-acetylglucosamine, and rhamnose into a
unique repeating unit that contains a side chain terminated by
sialic acid @2,6 linked to galactose.

The importance of CPS has been largely appreciated as a phys-
ical barrier that protects bacteria from the immune system (26),
and for several streptococcal species, such as Streptococcus pneu-
moniae, Streptococcus pyogenes, Streptococcus uberis, and Strepto-
coccus equi, these capsules are related to phagocytosis resistance (9,
42, 47). In the case of S. suis, the CPS, including the sialic acid
moiety, has been shown to mediate bacterial attachment to the
surface of phagocytes, but this attachment does not progress into
bacterial internalization (36). In contrast, group B Streptococcus
(GBS), which also possesses a sialic acid-rich CPS, is easily inter-
nalized by phagocytes (8, 35,43). Thus, the old dogma stating that
the antiphagocytic effect of CPSs is due to their net electrostatic
charge may be questionable, and, thus, other mechanisms are
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probably more important overall in the antiphagocytic effect of
CPS. Although certain signaling cascades have been shown to be
activated or inhibited upon S. suis adherence to phagocytes (37),
the exact molecular components and membrane receptors in-
volved in S. suis resistance to phagocytosis are presently unknown.

Cellular membranes, mainly composed of phospholipids, cho-
lesterol, and several types of membrane-associated proteins, can
form localized regions with physical properties that differ from
those of the rest of the membrane (45, 52). Specific sphingolipid
and cholesterol-rich domains form distinct microdomains, called
lipid rafts, and have been shown to function as signal transduction
platforms (29, 31, 45, 51, 52). For example, lactosylceramide
(LacCer), a neutral glycosphingolipid, forms microdomains that
mediate, among other functions, phagocytosis by neutrophils (31,
51). In fact, it has been shown that LacCer binds specifically to
several types of microorganisms such as Escherichia coli, Bordetella
pertussis, and Candida albicans, among others (25, 33, 51). Al-
though there is evidence suggesting a particular importance of
these lipid microdomains during infection by well-encapsulated
bacteria (16), no clear mechanisms have been identified hitherto,
and no studies have focused on the interactions between S. suis
CPS and lipid microdomains.

In the present study, the role of CPS in the inhibition of phago-
cytosis by macrophages was investigated by using latex beads co-
valently linked to S. suis purified CPS type 2. In addition, the role
of CPS in the modulation of lipid microdomain-dependent
phagocytosis was evaluated by comparing the interactions of a
well-encapsulated S. suis type 2 strain with its nonencapsulated
mutant strain. We show for the first time that CPS adherence to
macrophage destabilizes lipid microdomains and prevents pat-
tern recognition receptors (PRRs), such as LacCer, from binding
efficiently to S. suis and activating signal transduction.

MATERIALS AND METHODS

Bacteria and cell culture. The J774.A1 (J774) murine (BALB/c) macro-
phage cell line (ATCC TIB67; American Type Culture Collection, Rock-
ville, MD) was used in the present study and cultured as previously de-
scribed (36). For comparison purposes, bone marrow-derived dendritic
cells were generated from female C57BL/6 mice (Charles River Laborato-
ries, Pointe-Claire, Quebec, Canada) as previously described (27). The S.
suis type 2 wild-type (WT) virulent strain 31533, isolated from a case of
porcine meningitis, and its isogenic nonencapsulated mutant B218 (cap-
sular polysaccharide deficient [CPS™]) were used. These strains have
largely been used in previous studies of our laboratory (14, 27, 28). Strains
were grown as described previously (14) in Todd-Hewitt broth (THB;
Becton Dickinson, MD) or on sheep blood agar plates at 37°C. To perform
S. suis macrophage interaction studies, isolated colonies were cultured in
THB, followed by 8 h of incubation at 37°C with shaking. Working cul-
tures were obtained by inoculating 10 ul of a 1072 dilution of these cul-
tures in 30 ml of THB and incubating them for 16 h at 37°C with shaking.
Bacteria were washed twice in phosphate-buffered saline (PBS; pH 7.3)
and diluted in complete cell culture medium for the experiments. The
number of CFU/ml of the final suspension was determined by plating
samples onto Todd-Hewitt agar, and colonies were counted using an Au-
toplate 4000 (Spiral Biotech, Norwood, MA). Bacteria were always used at
nontoxic levels for cells, as measured by the lactate dehydrogenase assay
for cytotoxicity (CytoTox 96; Promega, Madison, WI), as previously de-
scribed (5).

Capsular polysaccharide purification. CPS purification was carried
out as previously described (44). Briefly, S. suis type 2 strain S735 (ATCC
43765) was cultured in 50 ml of THB at 37°C for 18 h, diluted in 2 liters of
fresh THB, and grown to an optical density (540 nm) of 0.8. Cells were
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then centrifuged and resuspended in 33 mM PBS, pH 8.0, and chilled. The
cell suspension was autoclaved at 121°C for 75 min, and the supernatant
containing crude CPS was recovered by centrifugation at 9,000 X g for 50
min. Extraction with an equal volume of chloroform eliminated lipids,
whereas nucleic acids were removed by precipitation by adding CaCl, to
0.1 M and ethanol to 25% (vol/vol), followed by centrifugation at 7,200 X
g for 30 min at room temperature. The concentration of ethanol in the
supernatant was increased to 80% (vol/vol) to precipitate the CPS. The
suspension was kept overnight at 4°C and then centrifuged at 9,100 X g for
30 min at 4°C. Pellets were dissolved in 50 mM NH,HCO, (40 ml), dia-
lyzed against the same solution for 48 h, and freeze-dried. The CPS was
further purified by gel filtration chromatography on an XK26-100 column
filled with Sephacryl S-400 (GE Healthcare, Uppsala, Sweden) as de-
scribed previously (44). Fractions were collected and assayed for CPS by
dot blot with a monoclonal antibody directed against CPS type 2-specific
epitope (7). Fractions giving a positive response with the antibody but no
absorption at 280 and 254 nm were pooled and freeze-dried. Purified CPS
was analyzed by nuclear magnetic resonance (NMR) spectroscopy. Pres-
ervation of sialic acid was verified by gas chromatography (GC) after
methanolysis and acetylation and by NMR. Lack of protein and RNA/
DNA contamination was verified by the Lowry method and by spectro-
photometry, respectively. All of these quality controls for the purified CPS
were done as previously described (44).

Preparation of CPS-linked latex beads. Aliphatic amine latex beads
(2% [wt/vol], 2 um) were from Molecular Probes (Eugene, OR), and
reagents were from Sigma-Aldrich (St. Louis, MO). The CPS (8 mg) was
oxidized with 0.8 ml of 5 mM sodium periodate in the dark at room
temperature for 1 h. The unreacted periodate was depleted by adding 240
wl of ethylene glycol. The solution was dialyzed against 50 mM NH,HCO,
for 16 h and then lyophilized. For covalent coupling of oxidized CPS to
amine latex beads, an aliquot of 500 ul of beads was settled by centrifuga-
tion at 9,000 X g for 3 min in a Sigma 113 centrifuge (Sigma, Osterode am
Harz, Germany). The supernatant was removed, and beads were washed
twice with 0.1 M PBS, pH 7.4. One milliliter of oxidized CPS (1 mg) in
phosphate buffer and 10 ul of sodium cyanoborohydride (5 M) in NaOH
(1 M) were added to the beads. Tubes were rotated slowly for 2 h at room
temperature to keep the beads in suspension. Beads were then collected by
centrifugation, and the supernatant was kept for further quantification of
the unlinked oxidized CPS. A solution of 500 ul of phosphate buffer
containing 5 mg of NaBH, was added to the beads, and the reaction was
allowed to proceed for 40 min at room temperature. The reaction was
quenched with 100 ul of acetone, and beads were collected by centrifuga-
tion. Beads were washed four times with PBS, pH 7.4, containing 0.5%
bovine serum albumin (BSA) to coat free binding sites. Finally, beads were
resuspended in PBS containing 0.1% BSA and 0.02% NaN; and stored at
4°C. The same experiment was performed without oxidized CPS, and
these beads were used as controls. Residual NaN; was removed by washing
and dilution in cell culture medium prior to addition to cells.

The amount of linked CPS on the beads was determined by measuring
the difference between the amount of CPS added at the beginning of the
reaction and unreacted CPS remaining in the supernatant at the end of
the coupling reaction. The unreacted oxidized CPS was quantified by the
phenol-sulfuric method in microplates (15) using oxidized CPS as a stan-
dard. The presence of intact sialic acid and the antigenic properties of the
CPS were evaluated by immunofluorescence using both a fluorescein iso-
thiocyanate (FITC)-conjugated lectin isolated from Sambucus nigra (Vec-
tor Laboratories, Burlingame, CA), which binds preferably to sialic acid in
an a2,6 linkage, and a rabbit anti-S. suis hyperimmune serum that recog-
nizes CPS epitopes (22). Unlinked beads and CPS-linked beads were
blocked for 10 min in PBS containing 2% BSA, followed by the addition of
either S. nigra FITC-lectin or the anti-S. suis antibodies for 30 min. Beads
were washed four times with PBS—1% BSA. When anti-S. suis antibodies
were used, the secondary antibody Alexa-Fluor 488 goat anti-rabbit IgG
was added to the bead preparation for 15 min for signal detection. Beads
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TABLE 1 Inhibition of phagocytosis capacity of macrophages by CPS-linked latex beads

MFI = SEM (% inhibition) by condition®

Coculture at the indicated
bead ratio®

Pretreatment at the indicated bead ratio?

Beads 2:1 1:1 2:1 1:1
Control beads + Fluo-Beads ND 308 + 102 1,711 * 205 1,586 * 374
Beads-CPS + Fluo-Beads ND 338 = 127 (0) 1,045 * 124 (39) 1,160 = 293 (26)

a Either CPS-linked latex beads (Beads-CPS) or unlinked control beads were added together with red fluorescent latex beads (Fluo-Beads) at the same concentrations (5 X 10°

beads/ml; ratio 1:1) to J774 macrophages and incubated for 30 min. ND, not done.

b Either CPS-linked latex beads (Beads-CPS) or unlinked control beads were added at 1 X 10¢ beads/ml or 5 X 10° beads/ml to cells. After 30 min of bead pretreatment, Fluo-Beads
were added at a final concentration of 5 X 103 beads/ml to obtain a ratio of 2:1 and 1:1 to Beads-CPS, respectively. After 30 min of incubation, phagocytosis of Fluo-Beads was

analyzed by FACS.

¢ MFI, mean fluorescence intensity. Percent inhibition is relative to the values obtained with control beads.

were washed four times in PBS—1% BSA and mounted on glass slides with
Mowiol to be analyzed by confocal microscopy (see below).

In addition, the level of CPS oxidation obtained prior to bead linkage
was evaluated by gas chromatography (GC) of the peracetylated deriva-
tives. Briefly, oxidized CPS (0.9 mg) was reduced by adding 200 ul of
NaBH, (20 mg/ml) in NH,OH (2 M) for 24 h at room temperature. The
reaction was quenched with 100 ul of acetone and evaporated to dryness
using a stream of N, at 40°C. The composition of the residue was deter-
mined by methanolysis: methanol (465 ul) and acetyl chloride (35 ul)
were added to the residue. The solution was heated for 15 h at 75°C and
evaporated to dryness, and 500 ml of tert-butanol was added and evapo-
rated to dryness. The methyl glycosides were acetylated with 100 wl of
pyridine and 100 ul of acetic anhydride at 100°C for 20 min. The cooled
solution was partitioned with 5 ml of water and 2 ml of CH,Cl,. The
organic layer containing the peracetylated methyl glycosides was analyzed
by GC using flame ionization detection (GC-FID) or coupled to mass
spectrometry (GC-MS). GC-FID analysis was done on a Hewlett-Packard
model 7890 gas chromatograph equipped with a 30-m by 0.32-mm,
(0.25-um particle size) HP-5 capillary column (Agilent Technologies,
Santa Clara, CA) using the following temperature program: 50°C for 2
min, an increase of 30°C/min to 150°C, then an increase of 3°C/min to
230°C, and a hold for 5 min. The temperatures of the injector and the
flame ionization detector were 225°C and 250°C, respectively. Analysis by
GC-MS was done with a Varian CP3800 gas chromatograph and a Saturn
2000 mass spectrometer equipped with a 30-m by 0.25-mm (0.25-um
particle size) DB-5MS capillary column (J&W Scientific, Folsom, CA)
using the following temperature program: 120°C for 1.5 min, an increase
of 4°C/min to 200°C, a hold for 8 min, and then an increase of 10°C/min
to 230°C. The temperature of the injector was 250°C.

Phagocytosis assays. For phagocytosis assays of CPS-linked latex
beads, J774 macrophages (5 X 10°) were plated on glass coverslips. CPS-
linked latex beads or unlinked control latex beads were added at the same
concentrations (1 X 10° beads/ml) to cells for 1 hand 2 h. Coverslips were
then washed four times with PBS to remove noninternalized beads, and
cells were fixed with methanol-acetone (80:20) for 20 min at —20°C,
washed, and blocked for 10 min in 2% BSA and 0.2% gelatin PBS solution.
Coverslips were incubated for 1 h with rabbit anti-S. suis antibodies and
with rat anti-mouse lysosomal-associated membrane protein-1 (LAMP1)
antibody (clone 1D4B; Developmental Studies Hybridoma Bank, Iowa
City, IA). After coverslips were washed with PBS—1%, BSA they were
incubated with Alexa-Fluor 488 goat anti-rabbit IgG and Alexa-Fluor 568
goat anti-rat IgG secondary antibodies (Invitrogen, Burlington, Ontario,
Canada) for 30 min; samples were then washed and mounted on glass
slides with Mowiol containing diazabicyclooctane (DABCO) and 4',6'-
diamidino-2-phenylindole (DAPI) to stain the nuclei. Samples were ana-
lyzed with an IX-80 confocal microscope integrated into the FV-1000
imagery system and analyzed using Fluoview software (Olympus,
Markham, ON, Canada). Absence of cell toxicity induced by bead prepa-
rations was evaluated by measuring the release of lactate dehydrogenase
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(LDH) enzyme with the CytoTox 96 Non-Radioactive Cytotoxicity Assay
(Promega, Madison, WI). LDH results showed that CPS-linked latex
beads did not induce significant cytotoxicity (6.8% * 3.4%) after 2 h of
incubation with cells. Similar results were obtained with control beads
(5.3% = 2.5%).

Inhibition of phagocytosis capacity of macrophages. The capacity of
CPS to inhibit phagocytosis by macrophages was studied by fluorescence-
activated cell sorting (FACS) and confocal microscopy. Macrophages
were plated in six-well plates (1 X 10¢) for FACS analysis and on glass
coverslips (5 X 10°) for confocal studies. Either CPS-linked latex beads or
unlinked control beads were added at the same concentration (1 X 10°
beads/ml) to cells and centrifuged at 800 X g for 5 min to allow the beads
to settle on the cells and cover their surfaces. After 30 min of bead pre-
treatment, red (580/605 nm) fluorescent unlinked latex beads of 1 um
(Invitrogen) were added at a final concentration of 5 X 10° beads/ml and
again centrifuged at 800 X g for 5 min to allow the red beads to settle on
the cells. After 30 min of incubation at 37°C, cells were washed with cold
PBS to remove noninternalized beads and either fixed in 4% paraformal-
dehyde (PFA) for confocal analysis (glass coverslips) or harvested in cold
PBS containing 1% fetal bovine serum followed by FACS analysis using a
FACSCalibur instrument (BD Biosciences, Mississauga, ON, Canada). A
total of 50,000 gated events were acquired per sample, and data analysis
was performed using the CellQuest software. In additional experiments,
different concentrations of beads and incubation times were also tested by
FACS (Table 1).

Immunofluorescence and bacterial infection assays. For bacterial in-
fection studies, J774 macrophages (5 X 10°) were plated on glass cover-
slips and infected with S. suis at a multiplicity of infection (MOI) of 2:1
with either the encapsulated WT or its CPS™ mutant strain. After 30 min
or 1 h of bacteria-cell contact, coverslips were washed with PBS to remove
nonassociated bacteria, and cells were fixed with methanol-acetone (80:
20) for 20 min at —20°C, washed, and then blocked as described above for
10 min. Coverslips were incubated for 1 h with rabbit anti-S. suis antibod-
ies and with rat anti-LAMP1 antibody. After coverslips were washed, they
were incubated with the secondary antibodies, Alexa-Fluor 488 goat anti-
rabbit IgG and Alexa-Fluor 568 goat anti-rat IgG (Invitrogen) for 30 min,
washed, and then mounted on glass slides with Mowiol containing
DABCO and DAPT to stain the nuclei. For labeling of lipid microdomains,
cholera toxin—Alexa-Fluor 568 (Invitrogen) was used as described previ-
ously (11). Briefly, J774 macrophages were grown on coverslips and then
infected as described above. After a washing step with PBS at the end of
infection, cells were incubated for 10 min at 4°C with 5 ug/ml of cholera
toxin to prevent its internalization. Finally, cells were washed and fixed. In
selected experiments, macrophages were incubated with either CPS-
linked latex beads or unlinked control latex beads (1 X 10° beads/ml) for
30 min, and cells were stained with cholera toxin as indicated above.
Finally, for macrophage cell membrane staining, CellTracker CM-Dil (In-
vitrogen), a dye that covalently binds to cellular thiols, was used as rec-
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ommended by the manufacturer. Samples were analyzed with an IX-80
confocal microscope as described above.

Isolation of lipid microdomains. Lipid microdomains were isolated
from J774 macrophages as described previously (11), with certain modi-
fications. Briefly, cell pellets were resuspended in 0.3 ml of TNE-Triton
buffer (25 mM Tris, 150 mM NaCl, 5 mM EDTA, pH 7.4, and 1% Triton
X-100) supplemented with complete protease inhibitor (Boehringer In-
gelheim, Burlington, Ontario, Canada), transferred to an Eppendorf tube,
and shaken gently for 30 min at 4°C to solubilize membranes. The super-
natant containing soluble and insoluble membrane components was
mixed with 0.6 ml of 60% OptiPrep to obtain a final concentration of
40%, which was then poured in an Ultraclear centrifuge tube (Beckman
Coulter, Mississauga, Ontario, Canada). Finally, 2.4 ml of 30% OptiPrep
and 0.9 ml of TNE buffer (25 mM Tris, 150 mM NaCl, 5 mM EDTA, pH
7.4) with complete protease inhibitors were layered on top. After a 4-h
centrifugation at 215,000 X g to float the insoluble rafts, 10 fractions of 1
ml were collected from the top. A total of 200 ul of each fraction was
diluted in PBS and then loaded on a Minifold-1 dot blot system (What-
man International, Ltd., Sanford, ME) with a mounted nitrocellulose
membrane. After each applied fraction was drained, the membrane was
blocked in a solution of PBS containing 5% milk for 1 h and then incu-
bated with cholera toxin B subunit conjugated to horseradish peroxidase
(HRP; Sigma-Aldrich) for 1 h. The membrane was finally washed with
PBS-0.02% Tween and then revealed.

Nitric oxide (NO) assay. Due to bacterial toxic effects at long incuba-
tion times, suspensions of WT or CPS™ S. suis strains were heat killed at
60°C for 45 min and then added to macrophages (5 X 10°) previously
plated on glass coverslips in 24-well plates. Bacteria were added at a con-
centration equivalent to 1 X 10° CFU (this dose represents approximately
the equivalent concentration that would be reached by live bacteria at a
24-h time point). Contact with bacteria was allowed for 1 h, 6 h, or 24 h.
Purified E. colilipopolysaccharide (LPS; Sigma-Aldrich) was used as a positive
control at a final concentration of 1 ug/ml and 24 h of incubation. After each
time point, 10 uM NO probe DAF-FM (4-amino-5-methylamino-2',7’'-
difluorofluorescein) diacetate (Invitrogen) was added to each well for 60 min.
DAF-FM reacts with NO to form a fluorescent benzotriazole with excitation/
emission maxima of 495/515 nm. Excess probe was removed by washing with
PBS, and then fresh medium was added for 30 min. Cells were fixed in PFA for
10 min and then analyzed by confocal microscopy as described above.

LacCer assay. Macrophages (5 X 10°) were plated on glass coverslips
in 24-well plates as described above. Cells were washed with PBS, and 5
uM LacCer-BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene; In-
vitrogen) was added to cells which were further incubated at 4°C for 30
min, allowing integration of LacCer within the plasma membrane. In
parallel, cells were either treated or not with a final concentration of 5
pg/ml of cytochalasin D (CytoD). After 30 min, cells were washed to
remove unincorporated LacCer, and macrophages were infected for 1 h
with either S. suis WT strain or its CPS™ mutant (MOI of 2:1). After the
infection, cells were gently washed with PBS to remove noninternalized
and nonadhered bacteria and then fixed either in PFA for cells that have
incorporated LacCer or methanol-acetone (80:20) for cells requiring
LAMP1 staining. Immunofluorescence staining was performed as de-
scribed above to label S. suis. Fluoview (Olympus) was used to quantify
the amount of pixels. A total of 30 cells were quantified, and average
intensity was used to express the correlation between the increase in in-
tracellular staining of LacCer and S. suis.

Filipin assay. Macrophages (5 X 10°) were plated on glass coverslips
in 24-well plates as described above. Filipin was added for 15 min at a final
concentration of 2 pg/ml. Cells were then infected for 1 h with the S. suis
WT or CPS™ mutant strain (MOI of 2:1), washed to remove bacteria that
were not internalized or adhered, and then fixed with methanol-acetone
(80:20). Immunofluorescence was performed as described above.

Data quantification and statistical analysis. Using the Fluoview soft-
ware, integrated fluorescence intensities for each fluorescence channel
were analyzed. Briefly, 30 cells were randomly selected for each condition.
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Average integrated fluorescence was calculated by the software, and the
obtained ratio was normalized according to DAPI (nuclei) channel vari-
ance between samples. Data were analyzed for significance using Student’s
unpaired ¢ test. Dot blot results were analyzed by using Adobe Photoshop
software. Semiquantitative measurement of each sample was performed
and normalized to the preexisting blot background.

RESULTS

S. suis type 2 CPS can be covalently linked to latex beads. CPS is
a critical virulence factor, and it plays an important role in the
pathogenesis of various bacteria, such as S. suis type 2 (2, 17). To
better understand its role and influence during phagocytosis, we
covalently linked type 2 CPS to latex beads. Adapted from a tech-
nique that covalently links CPS to protein carriers (21), reductive
amination was used to treat and bind purified S. suis type 2 CPS to
latex beads functionalized with amine groups (Fig. 1A). For every
1 mg of CPS used in the assay, quantities of CPS were measured to
determine the coupling efficiency. Approximately 30% (326 ug)
of oxidized CPS was found to be covalently linked to latex beads. It
is important that the level of CPS oxidation was 26%, meaning
that 74% of sialic acid residues were conserved. This is an impor-
tant feature to allow evaluation of the immunomodulatory prop-
erties of CPS.

Once the CPS was linked to the latex beads, the quality of the
preparation was assayed to determine if bound CPS preserved
its antigenic properties, including intact sialic acid-dependent
epitopes. An immunofluorescence test with anti-CPS serum
showed the presence of CPS on the surface of the CPS-linked latex
beads (Fig. 1B, lower left panel), whereas unlinked beads were
nonreactive to the anti-S. suis antibodies (Fig. 1B, upper left
panel). We then examined covalently bound CPS to latex beads to
verify that the sialic acid group was intact and still attached 2,6 to
galactose. Results showed a positive reaction with S. nigra lectin,
indicating that sialic acid is preserved in CPS linked to latex beads
(Fig. 1B, lower right panel), whereas unlinked beads were nonre-
active to this lectin (Fig. 1B, upper right panel).

S. suis type 2 CPS blocks the internalization of latex beads by
macrophages. After covalently linking latex beads with CPS from
S. suis type 2, we performed a phagocytosis study with macro-
phages. The same quantity of latex beads either unlinked or CPS-
linked was added to macrophage cultures for 1 h and 2 h, and cells
were stained with both anti-S. suis antibodies and a LAMP1 anti-
body (a marker for an endosome/lysosome membrane protein).
Results showed that unlinked latex beads (negative for anti-S. suis
antibody staining) were easily internalized by macrophages at
both incubation times as revealed by a positive staining with the
LAMP1 antibody, indicating their intracellular location (Fig. 2,
control). CPS-linked beads, positive for anti-S. suis antibody
staining, clearly resisted phagocytosis as only few beads were
found associated to phagocytes (Fig. 2). Interestingly, this phe-
nomenon was not strictly related to the cell type since results ob-
tained with bone marrow-derived dendritic cells showed that they
were also unable to internalize CPS-linked beads (see Fig. S1 in the
supplemental material).

Latex beads covalently linked to S. suis type 2 CPS inhibit the
phagocytic capacity of macrophages. As drastic inhibition of
macrophage phagocytosis of latex beads covalently linked to CPS
was observed, we decided to investigate whether this was a local-
ized effect of the CPS on the phagocyte membrane or whether
CPS-linked beads could exert a more general effect on phagocy-
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FIG 1 S. suis CPS can be covalently linked to latex beads. (A) Scheme of reaction for the preparation of CPS-linked latex beads. Step a shows limited periodate
(I0, ™) oxidation of the CPS (1) in which a portion of the sialic acid residues (Neu5Ac) were converted to the 8-carbon analog (2). Steps b and ¢ show coupling
by reductive amination, using sodium cyanoborohydride (NaBH;CN), of the oxidized sialic acid residues (2) with amine-modified latex beads (3) to yield, via
the Schiff-base intermediate (4), the stable amine derivative (5). Step d shows the borohydride (BH, ™) reduction of the excess oxidized sialic acid residues (2) to
the nonreactive alcohol (6). (B) Latex beads (2 wm) linked or not to CPS were stained (green) with an anti-S. suis polyclonal serum to detect CPS or with S. nigra
lectin to detect sialic acid. Unlinked control beads show no reaction (negative staining).

tosis. To this end, macrophages were pretreated with either CPS-  with control beads, pretreatment of macrophages with CPS-
linked beads or with unlinked control beads for 30 min (Fig. 3A, linked beads reduced the number of intracellular red fluorescent
uncolored beads) prior to addition of unlinked fluorescent beads  beads subsequently added to cultures, indicating that CPS is able
(Fig. 3A, red beads) for an additional 30 min. Phagocytosis was  to reduce the general phagocytosis capacity of macrophages (Fig.
then analyzed by confocal microscopy and FACS. Unlike results ~ 3A). Confirming this observation, FACS analysis showed that the
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Beads-CPS

CPS + LAMP1

LAMP1

CPS + LAMP1 LAMP1

FIG 2 S. suis CPS blocks the internalization of latex beads by macrophages. J774 macrophages were incubated with latex beads covalently linked to CPS
(Beads-CPS) or unlinked beads (Control) for 1 h and 2 h. Cells were stained with rabbit anti-S. suis antibodies to detect CPS-linked beads (green) and with rat
anti-LAMP1 antibody to show that beads were located inside the cells (red). Compared to control beads, CPS-linked beads are poorly internalized by macro-

phages. DIC, differential interference contrast.

phagocytic ability of macrophages was reduced by 38.9% in cells
that had been in contact with CPS-linked beads (Fig. 3B and Table
1). To further validate the specificity of the CPS effect on phago-
cytosis of fluorescent beads, we compared two different ratios of
CPS-linked beads and fluorescent beads. As shown in Table 1, the
capacity of latex beads covalently linked to S. suis type 2 CPS to
inhibit the phagocytic machinery of macrophages was dose de-
pendent. Furthermore, this effect was abrogated when CPS-linked

A Unlinked beads +
fluorescent beads

Beads-CPS +
fluorescent beads

B o
(=}
i3 —_
o .
(=
Y == Beads-CPS onl
28 ea y
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FL2-H

FIG 3 Latex beads covalently linked to CPS inhibit the phagocytic capacity of
macrophages. J774 macrophages were pretreated with either unlinked control
beads or CPS-linked beads (Beads-CPS) for 30 min. Then, fluorescent latex
beads were added for an additional 30 min. (A) Confocal analysis showing
significant less internalized fluorescent latex beads when macrophages were
pretreated with CPS-linked beads. (B) FACS analysis of the quantity of inter-
nalized fluorescent latex beads. Macrophages incubated with CPS-linked
beads only were used as controls and showed no fluorescence shift on FL2.
Cells pretreated with unlinked control beads showed high levels of fluorescent
bead internalization. A significant reduction in mean fluorescence intensity
was observed when cells were pretreated with CPS-linked beads. Histograms
are representative of three independent experiments.
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beads and fluorescent beads were added at the same time (cocul-
ture) to macrophages, suggesting that pretreatment was essential
to the observed effect. Taken together, these results suggest that S.
suis type 2 CPS-linked beads interact with the macrophage mem-
brane and have a bystander effect on mechanisms involved in
phagocytosis.

S. suis type 2 CPS disrupts lipid microdomains of macro-
phages. As CPS covalently linked to an artificial support (latex
beads) has an inhibitory effect on phagocytosis, we decided to
use a live-bacteria model and investigated the effect of S. suis
type 2 CPS on components of the plasma membranes of mac-
rophages. To study this objective, we used a CPS™ mutant of S.
suis and compared it with its WT encapsulated strain. In pre-
vious studies, using quantitative techniques combined with
confocal and electron microscopy, we demonstrated that well-
encapsulated S. suis is poorly phagocytosed by macrophages,
whereas nonencapsulated strains are rapidly ingested and
killed by most phagocytes, including J774 macrophages (5, 14,
27, 28, 35). First, S. suis was allowed to interact with cells for
either 30 min or 1 h, and then lipid microdomains were labeled
with cholera toxin. Cholera toxin binds to GM1 ganglioside,
typically giving a punctured pattern at the surface (11) (Fig. 4A,
white arrows). Results showed that lipid microdomain patterns
seemed to be more irregular and spread apart in macrophages
cultured in the presence of WT S. suis than those in the CPS™ S.
suis mutant strain. In contrast, no differences in cell membrane
staining were observed when CM-Dil was used to label cellular
thiols (see Fig. S2 in the supplemental material), suggesting a
localized effect of WT S. suis on lipid raft integrity. To validate
these results, membranes from macrophages infected with ei-
ther the S. suis WT strain or the CPS™ mutant strain were
purified. The insoluble lipid microdomains were then sepa-
rated from soluble fractions by ultracentrifugation on an
OptiPrep gradient; soluble lipids migrated to the bottom of the
centrifugation tube (fractions 8 to 10), whereas insoluble lipids
containing microdomains migrated to the top of the tube (frac-
tions 4 and 5). By staining the GM1 ganglioside with cholera
toxin-HRP, we were able to confirm the presence and quantify
the amount of insoluble/soluble lipids from each sample and
compare them to each other through dot blotting. Macro-
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FIG 4 CPS disrupts lipid microdomains during phagocytosis of S. suis by
macrophages. J774 macrophages were infected with S. suis WT or its nonen-
capsulated mutant strain (CPS™) for 30 min and 1 h. (A) Confocal analysis of
lipid microdomain distribution. Cells were stained with fluorescent cholera
toxin (red), which binds to GM1 ganglioside in lipid microdomains, and with
rabbit anti-S. suis antibodies (green) to stain bacteria. The pattern of staining
of GM1 (arrows) is more diffuse at 30 min and 1 h when cells are infected with
WT S. suis than when they are infected with the CPS™ mutant. (B) Dot blot
analysis of lipid microdomain distribution. Cells were infected as described
above and lysed, and membranes were fractionated by ultracentrifugation on
an OptiPrep gradient (1, top fraction; 10, bottom fraction). GM1 ganglioside
was revealed by incubating with cholera toxin-HRP. Insoluble membrane frac-
tions corresponding to lipid microdomains are shown in fractions 4 and 5.
Soluble membrane fractions are shown in fractions 8, 9, and 10. Macrophages
showed a higher GM1 label intensity in lipid microdomains when infected by
the CPS™ mutant than in cells infected by WT S. suis. (C) Confocal analysis of
lipid microdomain distribution after macrophages were incubated with either
unlinked control beads or CPS-linked beads (Beads-CPS) for 30 min. Cells
were stained with fluorescent cholera toxin (red). The pattern of staining of
GMI1 (arrows) is more diffuse when cells are treated with CPS-linked beads
than when they are treated with control beads.

phages infected with the WT strain showed reduced amounts of
GM1 ganglioside in insoluble fractions, corresponding to lipid
microdomains, compared to those infected with the CPS™
strain, which contained larger amounts of GM1 in the same
fractions (Fig. 4B, insoluble). This reduction was observed at
both 30 min and 1 h postinfection. Although GM1 staining of
soluble fractions spread from fractions 8 to 10, their combina-
tion for quantification did not show a significant difference in
the amount of GM1 in soluble fractions between WT-infected
and CPS™ mutant-infected macrophages (Fig. 4B, soluble). To
further evaluate the effect of CPS in lipid microdomain integ-
rity, macrophages were incubated with either CPS-linked
beads or with unlinked control beads for 30 min, and then cells
were labeled with cholera toxin. Similar to patterns observed
with WT S. suis-infected cells, lipid microdomain patterns

512 jai.asm.org

1h

6h

24 h

FIG 5 CPS inhibits nitric oxide production by macrophages. J774 macro-
phages were incubated with heat-killed S. suis WT or its nonencapsulated
mutant strain (CPS™) for 1 h, 6 h, and 24 h. Nitric oxide production was
detected by incubation with DAF-FM (green). Macrophages interacting with
S. suis WT show a delayed and reduced nitric oxide response compared to that
of cells incubated with the CPS™ mutant.

seemed to be diffuse and spread apart in macrophages cultured
in the presence of CPS-linked beads compared to patterns with
control beads (Fig. 4C). Taken together, these experiments
(Fig. 4A to C) suggest that encapsulated S. suis has an effect on
the stability of lipid microdomains in macrophages.

CPS inhibits nitric oxide production in S. suis type 2-infected
macrophages. Since CPS from S. suis type 2 affected macrophage
phagocytosis and promoted the distribution of lipid microdo-
mains on the cell membrane, we decided to examine if cellular
mechanisms and transduction pathways linked to these microdo-
mains could be affected. As NO production has been shown to be
activated by the Lyn kinase pathways and is linked to components
of microdomains (31), we decided to follow its production by
macrophages stimulated with either the WT strain or its CPS™
mutant. NO production was evaluated after 1 h, 6 h, and 24 h of
bacteria-cell contact (Fig. 5). NO production was visibly higher
when cells were activated with the CPS~— mutant, whereas rela-
tively low NO production was observed with the WT strain, sug-
gesting that signaling pathways involved in NO production are
inhibited by the presence of the CPS.

S. suis type 2 CPS blocks pathogen pattern recognition by
LacCer in lipid microdomains of macrophages. NO production
is controlled by Lyn kinase, which can be activated by LacCer,
present in the lipid microdomains of the membrane of immune
cells (31). LacCer recognizes pathogen surface patterns although
its interaction with S. suis has never been studied. To determine
the possible role of LacCer in the phagocytosis of S. suis type 2, we
performed a series of experiments using a fluorescent marker
(LacCer linked to a BODIPY fluorophore) and an inhibitor of
actin polymerization (cytochalasin D). Cytochalasin D is a potent
inhibitor of phagocytosis which prevents pseudopod extension. In
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FIG 6 S. suis CPS blocks pathogenic pattern recognition by LacCer in lipid microdomains of macrophages. 774 macrophages were either pretreated or not with
CytoD and then infected with WT S. suis or its nonencapsulated mutant strain (CPS™) for 1 h. (A) Cells were stained with rat anti-LAMP1 antibody to show
bacterial internalization (green) and with rabbit anti-S. suis antibodies (red) to stain bacteria. Compared to WT S. suis-infected macrophages, confocal analyses
showed an increase of the intracellular CPS™ mutant in untreated macrophages. CytoD blocked phagocytosis of S. suis by macrophages. (B) LacCer-BODIPY
(green) was added to cells for 30 min, allowing integration of LacCer within the plasma membrane. In parallel, cells were either treated or not with CytoD. After
30 min, cells were washed to remove unincorporated LacCer, and macrophages were infected for 1 h with either S. suis WT strain or its CPS™ mutant. Rabbit
anti-S. suis antibodies (red) were used to stain bacteria. Untreated cells showed an increase in the intensity and size of LacCer-positive vesicles when macrophages
were infected with the CPS™ mutant. CytoD blocked LacCer label intensity by preventing internalization of S. suis by macrophages. (C) Closeup confocal analysis
of the interaction of S. suis with LacCer at the plasma membrane of macrophages shown in panel B. Arrows indicate the phagocytic cup and close proximity of
LacCer-positive membranes (green) with CPS™ S. suis (red) adhered to the cell surface. WT S. suis shows no close proximity and less intensity of LacCer in the
region directly adjacent to the bacteria. Inhibition of phagocytosis by CytoD reduced accumulation of LacCer at the phagocytic cup and prevented the increase

of LacCer intensity in internal vacuoles.

a first experiment, macrophages were infected with either the S.
suis WT strain or the CPS™ mutant S. suis (Fig. 6A, red). Bacteria
and LAMP1 (Fig. 6A, green) were costained with specific antibod-
ies, and average integrated fluorescence intensities were quanti-
fied. We observed an increase of 275% of internalized S. suis when
CPS is absent (P < 0.05) (Fig. 6A, untreated). Treatment of mac-
rophages with cytochalasin D, followed by costaining and quanti-
fication of the fluorescence intensities of S. suis and LAMPI,
showed no increase of internalized S. suis (Fig. 6A, CytoD). How-
ever, we could still observe S. suis attached to the surface of mac-
rophages even though pseudopod extension had been inhibited by
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cytochalasin D, which agrees with what has previously been re-
ported for other bacteria (46).

In a second experiment, macrophages were pretreated for 30
min with LacCer-BODIPY (Fig. 6B, green) to incorporate fluores-
cent glycosphingolipid in the lipid microdomains of their plasma
membranes, followed by infection with WT or CPS™ S. suis as in
the first experiment. In this case, cells were not permeabilized, so
we could differentiate external from internalized bacteria. Hence,
stained S. suis bacteria are at the surface of macrophages (Fig. 6B,
red). Macrophages that were infected with the CPS™ S. suis
showed a 177% increase of quantity and intensity of LacCer-
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FIG 7 Filipin partially disrupts entry of nonencapsulated S. suis in macrophages. J774 macrophages were either pretreated or not with filipin for 15 min
and then infected with WT S. suis or with its nonencapsulated mutant strain (CPS™) for 1 h. Cells were stained with rat anti-LAMP1 antibody to show
bacterial internalization (red) and with rabbit anti-S. suis antibodies (green) to stain bacteria. Filipin partially blocked CPS~ S. suis phagocytosis by

macrophages.

positive vacuoles (P < 0.05) (Fig. 6B, untreated). Inhibition of
actin polymerization and phagocytosis by treatment with cy-
tochalasin D abolished this increase, demonstrating an existing
correlation between LacCer and the internalized CPS ™~ S. suis mu-
tant (Fig. 6B, CytoD).

The second experiment was analyzed by close-up magnification
to verify the accumulation of LacCer at the phagocytic cup during
internalization of CPS™ S. suis (Fig. 6C). When macrophages were
infected with CPS™ S. suis, a clear accumulation of LacCer at the cup
in various areas of the cells was observed as well as a morphological
continuity between the noninternalized portion of the Streptococcus
chain and the internalized one (Fig. 6C, untreated CPS~, arrow). WT
S. suis shows neither such continuity nor clear accumulation of Lac-
Cer atbacteria-cell contact points (Fig. 6C, WT). Inhibition of phago-
cytosis by cytochalasin D reduces accumulation of LacCer at the
phagocytic cup and prevents the increase of LacCer intensity in inter-
nal vacuoles (Fig. 6C, CytoD CPS~, arrow). This indicates that S. suis
type 2 CPS could likely act as a shell to prevent pathogen patterns
from being recognized and the accumulation of ligands, such as Lac-
Cer, in lipid microdomains.

Filipin partially disrupts entry of CPS~ S. suis in macro-
phages. Since LacCer is a component of lipid microdomains and
seems to be involved in the entry of CPS™ S. suis in macrophages,
the lipid microdomain inhibitor filipin was used. Filipin binds to
cholesterol and disrupts lipid microdomain stability in the mem-
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brane, acting as an inhibitor of the raft/caveola endocytosis path-
way (13, 34). Pretreatment of macrophages with filipin did not
affect the weak capacity of macrophages to internalize S. suis WT
(Fig. 7, left panels). Filipin treatment of macrophages partially
prevented internalization of the CPS™ mutant of S. suis (Fig. 7,
right panels). Whereas in nontreated cells most CPS™ S. suis bac-
teria were located in LAMP1-positive vacuoles, only a few CPS™ S.
suis bacteria were internalized when lipid microdomains were de-

stabilized by filipin.

DISCUSSION

Gram-positive streptococci such as S. suis bacteria ensure their patho-
genicity and survival through a collection of virulence factors that
allow the pathogen to evade the immune system (2, 17). Among
them, type 2 CPS plays a key role by protecting the pathogen against
phagocytosis and by preventing bacterial surface antigen recognition
by immune cell receptors (2, 14, 20, 37, 41). Surface polysaccharides
can also display similarities to host antigens and are often poorly
immunogenic (26, 39). The role of S. suis type 2 CPS as an antiphago-
cytic factor has already been shown by different research groups using
isogenic mutants defective in CPS production (3, 6, 35, 41). Never-
theless, the mechanisms underlying the antiphagocytosis function of
S. suis CPS have never been addressed. In the present study, specific
pathways used by the type 2 CPS of S. suis to protect it against phago-
cytosis by macrophages were investigated.
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Macrophages can efficiently internalize latex beads to form
nascent phagosomes displaying all their properties, such as matu-
ration protein markers like LAMP1 (12, 23). To obtain CPS-
linked latex beads, we adapted a technique commonly used to
conjugate a protein carrier to CPS (21), replacing the protein by a
latex bead with amine groups at its surface, which covalently link
purified CPS. We obtained an artificial particle about the size of a
bacterium, which allowed us to discriminate biological effects on
phagocytes directly related with CPS without interference from
other virulence factors. Our results showed that linking S. suis type
2 CPS to latex beads is sufficient to impair their phagocytosis not
only by macrophages but also by dendritic cells. This could be due
to CPS acting as a shell that prevents contact between the latex
beads and the surface of macrophages. However, results obtained
in the present study demonstrate that S. suis type 2 CPS plays a
more active and specific role at the macrophage surface than sim-
ply acting as a physical barrier. Indeed, S. suis CPS seems to ac-
tively disrupt essential cellular processes involved in phagocytosis.
This is supported by the fact that S. suis type 2 CPS-linked beads
possess the ability to inhibit not only their own entry into phago-
cytes but also that of unlinked latex beads. It was recently reported
that phagocytosis of latex microspheres by various phagocytes,
including J774 macrophages, was suppressed by treatment with
cholesterol or sphingolipid depletion agents, suggesting that lipid
rafts play a significant role in incorporation of latex microspheres
through phagocytosis by macrophages (30). Based on these obser-
vations, we evaluated the role of lipid rafts in S. suis type 2 inter-
actions with macrophages. By using a nonencapsulated mutant,
we showed that WT S. suis causes disruption of lipid microdo-
mains at the macrophage surface, a trend observed in other patho-
gens such as Leishmania donovani, which modifies the organiza-
tion of microdomains through its repetitive carbohydrate
moieties (11). However, unlike the results in Leishmania, disrup-
tion of lipid rafts by S. suis type 2 CPS prevents phagocytosis. Lipid
rafts have been shown to play a crucial role in immunity and
phagocytic functions by acting as signaling platforms on the cell
membrane (31, 51). Lipid microdomains are also targeted by
many bacterial pathogens as a way of entry into host cells or as a
way to penetrate mucosal barriers (1, 29, 45, 52). Porphyromonas
gingivalis capitalizes on the lipid raft structure to down-modulate
innate defense mechanisms (10). Compared to the number of
studies of Gram-negative bacteria, few studies are available on the
interactions of Gram-positive bacteria with lipid rafts of phago-
cyte membranes or on the role of CPS on modulation of these
microdomains (45). For instance, a study has shown the ability of
CPS from Salmonella enterica serovar Typhi to target specific
components of lipid microdomains to suppress the inflammatory
response of epithelial cells (40).

Other bacterial CPS being composed of diverse polysaccharide
chains might have the ability to be easily recognized by macro-
phage lectins and regulate endocytosis as well as signaling pat-
terns. Notably, the sialic acid-rich CPS of GBS interacts with
Sia-binding immunoglobulin superfamily lectins (Siglecs) and
impairs the bactericidal function of neutrophils (4). C-type lectin
receptors (CTLs) are also recruited to lipid rafts upon activation,
and integrity of lipid rafts is important for the signaling and cel-
lular functions initiated by this class of innate receptors (49).
There has been no report, however, on S. suis recognition via
Siglecs or CTLs. It is interesting that in contrast to S. suis, GBS CPS
seems to engage lipid rafts as a mechanism of entry to host cells
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(16) (M. Segura, presented at the XVIII Lancefield International
Symposium, Palermo, Italy, 4 to 8 September 2011).

Insight into the disruption of lipid microdomains led us to
investigate specific components involved in pathogen recogni-
tion that could be inhibited by S. suis type 2 CPS. Among the
family of lipids composing the membrane microdomains, Lac-
Cer has been demonstrated to act as a PRR, binding various
pathogens such as E. coli, B. pertussis, Bacillus dysenteriae, Pro-
pionibacterium freudenreichii, and C. albicans (25, 33, 51).
Pathogen binding to LacCer induces superoxide production
through Lyn and p38 mitogen-activated protein kinase
(MAPK) (24, 31, 51). LacCer-enriched domains can also form
supramolecular complexes with other PRRs for the phagocyto-
sis of nonopsonized bodies (31). Here, we observed a clear
inhibition of NO induction after encapsulated S. suis interac-
tion with macrophages. Similarly, CPS also modulates induc-
ible nitric oxide synthase expression and further NO produc-
tion from S. suis-infected microglial cells (14). The possibility
cannot be ruled out that reduced NO production by cells stim-
ulated with encapsulated S. suis might be, in part, an indirect
consequence arising from limited internalization of this strain
compared to that of the CPS™ mutant. However, previous ex-
periments with cytochalasin-treated macrophages showed that
the stimulation of cytokine production by S. suis is phagocyto-
sis independent (38). As NO production has been linked to the
cascade of LacCer and Lyn kinase (32), we examined whether
LacCer accumulation on microdomains could be affected by
the presence or absence of CPS on S. suis type 2. Our results
show accumulation of LacCer in vesicles from macrophages
interacting with the CPS™ mutant of S. suis. In contrast, such
accumulation was not observed with the well-encapsulated WT
strain. The staining patterns of S. suis and LacCer show a clear
proximity between this lipid and CPS™ S. suis, which is in line
with the described accumulation of LacCer at the phagocytic
cup (31). The keyrole of LacCer as a PRR in immunity has been
highlighted in recent years (25, 51). We showed in this study
for the first time that CPS from S. suis type 2 prevents LacCer
accumulation at the membrane of macrophages interacting
with this bacterium. Moreover, inhibition of lipid micro-
domain-mediated entry in macrophage by filipin partially pre-
vented CPS™ S. suis from entering macrophages. These results
suggest that encapsulated S. suis blocks its own phagocytosis by
disrupting lipid raft-LacCer signaling pathways, whereas in the
absence of CPS these pathways are engaged, resulting in CPS~
mutant internalization. Phosphoinositide 3-kinase (PI3K)/Akt
and p38 MAPK pathways are both known activators of phago-
cytic mechanisms and are recruited at the lipid raft-LacCer
platform (51). Ligand binding to LacCer in LacCer-enriched
microdomains induces activation of the Lyn/PI3K/p38 MAPK/
protein kinase C (PKC) signal transduction pathway leading to
phagocyte function activation (51). In this regard, previous
work has shown high levels of Akt and PKC phosphorylation
after infection of J774 macrophages with a nonencapsulated
mutant of S. suis type 2, whereas the encapsulated strain
showed reduced activation of the PI3K/Akt/PKC signaling
pathway (37). In addition, p38 MAPK phosphorylation was
impaired by the presence of CPS in S. suis-infected microglial
cells (14).

Different studies have shown how CPS from S. suis type 2
can influence the outcome of the inflammatory response by
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hampering recognition of potential antigens of the bacterial
cell wall by phagocytes (14, 20, 27, 28). Our data provide an
additional function of S. suis type 2 CPS at the bacteria-cell
interface. This would happen through destabilization of lipid
microdomains, preventing accumulation of LacCer at the in-
teraction points of S. suis with the membrane with consequent
inhibition of key signaling pathways. CPS could also physically
restrict proper access of LacCer to components of the bacterial
cell wall, resulting in overall down-modulation of phagocyte
innate functions.
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